Background. Lymphatic filariasis, frequently caused from Wuchereria bancrofti infection, is endemic in several parts of the globe and responsible for human health problems and socioeconomic loss to a large extent. Inflammatory consequences originating from host-parasite interaction play a major role in the disease pathology and allied complications. The identity of the key mediator of this process is yet unknown in filarial research.
Inflammatory damages caused by host-parasite interaction play a major role in the immunopathology of lymphatic filariasis (LF), resulting in transformation of normal lymphatics to lymphedema and/or elephantiasis [1] . In the course of its pathogenesis, infective larvae of Wuchereria bancrofti enter the human body through vector-mediated transmission into the blood stream and interact with a wide array of immune cells (neutrophils, eosinophils, Th2 cells, and macrophages), of which macrophages are considered to be crucial mediators of host immunity [2, 3] . The interaction between host macrophages and microfilariae (Mf) results in phenotypic switching of macrophages from the M2 (anti-inflammatory) to the M1 (proinflammatory) subtype, which in turn stimulates a proinflammatory response [4, 5] . However, the mechanism of filarid-induced host macrophage inflammation is poorly understood to date. Previously, lipopolysacharide (LPS)-like moiety from filarial endosymbiont Wolbachia was reported to induce macrophage inflammation in filarial subjects [6] . However, other studies did not show this inflammation-inducing ability of Wolbachial LPS [7, 8] . Another study by Brattig et al [9] demonstrated elicitation of macrophage inflammation by Wolbachial surface protein. A 58-kDa protein from W. bancrofti was also reported to cause inflammation of human monocytes in vitro [10] .
Macrophage activation has been reported to play the key role in filarial pathogenesis [7, 11, 12] . Classically activated macrophages (M1) predominantly eliminate Mf from infected hosts, whereas alternatively activated macrophages (M2) perform the reverse [5, 12] . In addition, activation of the M1 subtype in response to dead or dying parasites, mostly during the cure stage, is known to mediate the overt immunopathology [12] . M1-driven immunopathological alterations of parasitized lymphatics are primarily executed by the proinflammatory cytokines (interleukin 6 , tumor necrosis factor α [TNF-α], and interleukin 1β [IL-1β]) secreted from inflamed macrophages. However, underlying mechanism of the activation and polarization of macrophages in response to microfilariae remains an unexplored area in filarial research. Thus far no studies have shown how Mf induces macrophage inflammation and which factor(s) from the parasite is responsible for this process.
Our study is a maiden report wherein an approximately 70-kDa protein (MfP) from the sheath of W. bancrofti Mf has been found to elicit classical macrophage activation by driving M2 to M1 polarization. This typical M1-biased macrophage activation was found to be dependent on macrophage Toll-like receptor 4 (TLR4) and executed through nuclear factor kappa beta (NF-кB) activation. Although MfP is a homologue of nematode anion transporter bestrophin, this study demonstrates MfP as a ligand of TLR4, which is a novel functional relevance of this protein in the host-parasite relationship in LF.
MATERIALS AND METHODS

Study Population
The study was approved by the Ethical Committee of VisvaBharati University (registration no. 1819/GO/Ere/S/15/ CPCSEA). Blood sampling was conducted in the rural areas of 2 districts, Bankura (23°14' N and 87°07' E) and Birbhum (24° 35' N and 88° 1' 40"E), West Bengal, India, previously reported as endemic for LF [13, 14] . See the Supplementary Data and Supplementary Table 1 for details.
Isolation of Parasites
Wuchereria bancrofti Mf were isolated from nocturnally collected heparinized blood samples through centrifugation with 10 mM phosphate-buffered saline (PBS; pH, 7.0) following our earlier reports [13, 15] and finally suspended in PBS for further studies. See the Supplementary Data for details.
Isolation and Purification of Microfilarial Protein
Surface layers of W. bancrofti Mf were isolated following the method of Klonisch et al [16] , and lysate was prepared in icecold PBS (50 mM, pH 7.4) by homogenization and ultrasonication. This crude lysate was subjected to ultrafiltration using 50-kDa molecular weight cut-off membrane, and >50-kDa fraction was found active by means of inducing macrophage inflammation through upregulating the inflammatory cytokine TNF-α. The active fraction was separated through gel filtration chromatography using sephadex G-75 following Barma et al [17] and further subjected to chromatography using p-amino phenyl phosphorylcholine affinity as column matrix following a previous report [18] . One hundred micrograms of protein from the affinity-purified fraction was examined for macrophage stimulation and finally resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The purified protein was designated as microfilarial protein (MfP). Purified MfP was tested for endotoxin contamination by limulus amebocyte lysate assay (Hycult Biotech). See the Supplementary Data and Supplementary Figure 1 for details.
Sequencing of Microfilarial Protein
The amino-acid sequence of MfP was determined by mass spectrometry using MALDI-ToF/ToF-Proteomics Analyzer coupled with UltrafleXtremeTM mass spectrometer (Bruker Daltonics, Germany). See the Supplementary Data for details.
Stimulation of Macrophages With Microfilarial Protein
RAW 264.7 cells were cultured in 10% fetal bovine serumsupplemented Dulbecco's modified Eagle medium (DMEM), whereas human monocyte cell line THP1 was cultured and differentiated according to Takashiba et al [19] . Macrophages (10 6 ) were treated with indicated doses of MfP in incomplete DMEM or Roswell Park Memorial Institute 1640 medium at 37°C in 5% carbon dioxide atmosphere for different incubation periods. Effect of CLI095 (3 µM) or SN-50 (50 μg/mL) was determined by incubating cells with inhibitor before MfP treatment. Additionally, RAW cells were transfected with TLR4 small interfering RNA (siRNA) or scrambled siRNA (Santa Cruz Biotechnology) using lipofectamine (Invitrogen), and the success of knockdown was examined by gel electrophoresis, as depicted in our earlier reports [20, 21] .
Monocytes were harvested from human blood following Wahl et al [22] , differentiated to M2 macrophage by M-CSF (2000 IU/10 6 cells) for 48 hours, and stimulated with MfP under conditions similar to those used for stimulating RAW 264.7 cells.
For in vivo experiment, mice (n = 12) were intraperitoneally injected with MfP (100 µg) prepared in endotoxin-free PBS (300 µL), and allowed to rest for 4 hours at ambient temperature. Peritoneal macrophages were harvested following Roy and Dittel [23] and allowed to rest in DMEM for an additional 4 hours. Inflammatory markers were determined from both cell lysate and culture supernatant through immunoblot and enzyme-linked immunosorbent assay (ELISA). See the Supplementary Data for details.
Secreted Alkaline Phosphatase Assay
Secreted alkaline phosphatase assay (SEAP) activity in spent culture supernatants of MfP-treated TLR4-null HEK293 and HEK-TLR4-NF-κB stably transfected with SEAP reporter under transcriptional control of NF-κB was determined using SEAPorter assay kit (Imgenex).
Generation of Anti-Microfilarial Protein Antibody and Immunolocalizaion
Microfilarial protein (100 µg) emulsified in Freund's complete adjuvant was injected to BALB/c mice through footpad immunization followed by 2 booster doses in Freund's incomplete adjuvant after a 7-day interval. Blood samples were collected by retro-orbital vein puncture, and sera were used for determining cross-reactivity and antibody titer. Immunolocalization of MfP in W. bancrofti Mf was performed following Duerr [24] . Subcellular localization of MfP was studied in silico by SOSUI (http://www.expasy.org/ tools/) and Predict protein (http://www.embl.de/predictprotein/) online servers.
Effect of Antibody Blockage on Wuchereria bancrofti Microfilarial Protein
To study the role of MfP in W. bancrofti Mf-induced macrophage inflammation, we treated Mf (n = 10 5 ) with anti-MfP antibody and injected it intraperitoneally into the peritoneal cavity of mice. After 6 hours, inflammatory parameters were determined in peritoneal macrophages.
Immunofluorescence
Intracellular NF-кB activation in macrophage was determined through immunofluorescence, following earlier reports [20] . See the Supplementary Data for details.
Cell Migration Assay
Migration of RAW264.7 cells was assayed in a Boyden chamber system (Millipore) after adding MfP as a chemoattractant, following earlier reports [25] . Microfilarial protein (0-100 µg/ mL) was added in the lower chamber, and macrophages were seeded on the upper compartment. See the Supplementary Data for details.
Flow Cytometry
Control and MfP-treated mice peritoneal macrophages stained with fluorescein isothiocyanate (FITC)-CD11c antibody were analyzed by flow cytometry using BD LSRFortessa analyzer and interpreted using FACSDiva 6.2. See the Supplementary Data for details.
Determination of Binding of Microfilarial Protein With Toll-like
Receptor 4
Microfilarial protein was labeled with FITC using FITC labeling kit (Calbiochem) and incubated with macrophages grown at 37°C for 2 hours. In another experiment, macrophages were pretreated with anti-TLR4 antibody (2 µg/ mL) for 2 hours before incubated with FITC-labeled MfP (50 µg). Cells were washed 3 times with PBS, mounted with 4' ,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories) and examined by a fluorescence microscope (Leica). Coimmunoprecipitation of TLR4 and MfP was performed following Pal et al [20] . Furthermore, MfP-TLR4 binding was studied by the solid-phase ELISA method of Panda et al [11] with modifications. Protein-protein interaction between TLR4 and MfP was studied by Surface Plasmon Resonance (SPR) analysis on a Biacore T200 System, following our earlier report [20] . See the Supplementary Data for details.
Molecular docking was performed in silico using the crystal structure of the extracellular domain of mouse TLR4 (Protein data bank ID: 2Z64) and modeled 3D structure of MfP using Patch Dock software. The interaction zone was visualized by VMD software.
Statistical Analysis
Data were analyzed by Student's t test and 1-way analysis of variance following Tukey's test using Sigma Plot software and designated as mean ± standard error (SE). P < .05 was considered statistically significant.
RESULTS
Proinflammatory activity of Wuchereria bancrofti MfP.
In this study, lysate prepared from the Mf sheath greatly enhanced (2-4-fold) the secretion of proinflammatory cytokines (IL-6, TNF-α, and IL-1β) from macrophages ( Figure 1 ). In LF, host-filarid interaction is principally mediated by different types of surface biomolecules, among which proteins are considered to be the prime member [21, 26, 27, 28] . Assuming the inflammation-inducing factor(s) could be protein in nature, we used either heat-denatured or protease-digested Mf lysate, both of which were found to destroy the inflammatory capability of Mf lysate, suggesting it to be a protein(s) (Figure 1 ). Although these findings clearly indicated that sheath proteins are responsible for macrophage inflammation, the identity of the protein(s) was not yet determined.
With this view, Mf lysate was ultrafiltered with molecular weight cutter, and we found that inflammatory activity was retained with a >50-kDa fraction ( Figure 2A ). Gel filtration of >50-kDa fraction showed 3 peaks-namely, PI, PII, and PIIIout of which PII was active where inflammatory activity was observed ( Figure 2A ). PII was purified through affinity column chromatography using p-amino phenyl phosphorylcholine (PCho) as the column matrix ( Figure 2A ). We have used this strategy because PCho possesses affinity to a number of immunomodulatory filarial proteins alongside other macrophage activator proteins [18, 29, 30, 31] . We examined the affinity-purified fraction in SDS-PAGE and found it to be an approximately 70-kDa homogeneous MfP ( Figure 2B ). To validate the inflammation-inducing ability of MfP, it was added to the RAW 264.7 cells, and a marked increase in the release of proinflammatory cytokines was noted ( Figure 2B ). These data indicate that MfP from W. bancrofti sheath plays a crucial role in augmenting the inflammatory response in macrophage.
Furthermore, mass spectrometry revealed the complete sequence of MfP, comprising 399 amino acids ( Figure 2C , upper). The deduced gene sequence was also derived from its protein sequence ( Figure 2C , lower). Sequence homology study of MfP deduced a high degree of similarity with the BEST-9 protein [32] of Caenorhabditis elegans (National Center for Biotechnology Information (NCBI) Reference ID: NP_501000.2) ( Figure 2D Table 2 ). In addition, homology study also indicated that the protein was of nematode origin but not of human origin because W. bancrofti Mf were collected from human blood. However, the sequence does not share homology with any of the reported protein sequences of W. bancrofti (Supplementary Table 2 ). Therefore, the sequence of MfP was registered as an uncharacterized new protein after its submission to the Swiss Prot database (www.uniprot.org/ uniprot/; Swiss Prot accession no.: YCEL_CAEEL).
Immunobiological Characterization of Microfilarial Protein
Anti-MfP antibody raised in mice showed cross-reaction with MfP, and the same was observed using the serum of microfilaraemic individuals ( Figure 3A and 3B). Enzymelinked immunosorbent assay showed cross-reactivity of anti-MfP antibody, even with 1:30 000 dilution ( Figure 3C ). Immunolocalization of MfP using FITC-labeled anti-MfP antibody demonstrated uniform distribution of MfP throughout the body surface of W. bancrofti microfilaria ( Figure 4A ; Supplementary Figure 3A) . Immunofluorescence of nematode-specific anti-γ actin was considered as background reference (Supplementary Figure 3B) . In addition, subcellular localization of MfP analyzed in silico also indicated MfP to be a surface protein comprised of 4 transmembrane helices ( Figure 4A ; Supplementary Table 3) , as reported for other filarial surface proteins [33, 34] .
Because MfP was found to be an inflammation inducer, we observed that MfP incubation markedly elevated the secretion of TNF-α, IL-6, and IL-1β from macrophages (Figure 4B and 4C; Supplementary Figure 3C ). Dose-and time-dependent increase in TNF-α level was also noted in MfP-treated macrophages ( Figure 4B ). Similar results were obtained using mice peritoneal macrophages where anti-inflammatoy (M2) markers-namely, arginase 1 (Arg-1), interleukin 10 (IL-10), and transforming growth factor beta (TGF-β)-were subdued, suggesting MfP's suppressive effects on anti-inflammatory cytokines to amplify proinflammatory response ( Figure  4C ). We have further observed that MfP upregulates expression of proinflammatory cytokines at the mRNA level as well (Supplementary Figure 3C and 3D) . However, heatdenatured MfP fails to induce any sign of inflammation in mice ( Figure 4C ). Alteration of cell morphology was also evident in MfP-treated macrophages ( Figure 4D ), which is similar to that of classically activated (M1) macrophages, as demonstrated previously [35] . Most likely, MfP also acts as a chemoattractant for macrophages, probably to enhance its inflammatory response in the host. This presumption is based on our observations with the experiments conducted with the Boyden chamber system, where macrophages were seeded on the upper chamber, and MfP was added in the lower chamber. It could be seen from Figure 4D that MfP significantly increases migration of macrophages. This indicates that MfP appears to have a chemoattractant property that probably accumulates host macrophages to induce inflammation in them.
Involvement of Toll-likeReceptor 4-NF-кB Pathway in Microfilarial Protein Induced Macrophage Inflammation
We have studied the mechanism through which MfP induces inflammation in macrophages. Inflammatory response in macrophages usually occurs through the TLR4 pathway, as observed with LPS and other stimulants [20] . It is evident from Figure 4A that MfP induces NF-кB activation in macrophages as a 3-fold (10 6 ) treated with W. bancrofti Mf lysate, protease (trypsin)-treated Mf lysate, and heat-inactivated Mf lysate containing 100 µg of total protein for 4 hours. In the case of both the trypsinized samples and the heat-inactivated samples, Mf lysate containing 100 µg of total protein was subjected to either protease treatment or heat denaturation and thereafter used for macrophage stimulation experiment. Sterile and endotoxin-free phosphate-buffered saline (PBS) was used as control stimulus. Each experiment was conducted in triplicate and repeated at least 5 times. Values are representative of mean ± SEM. *P < .05 indicates significant difference compared with control; #P < .05 indicates significant difference compared with Mf lysate. Abbreviations: Ctrl, control; ELISA, enzyme-linked immunosorbent assay; HIN, heat-inactivated; IL-1β, interleukin 1β; IL-6, interleukin 6; MfP, microfilarial protein; TNFα, tumor necrosis factor α. increase in pNF-кB level was found after MfP treatment. To examine involvement of the TLR4 pathway in activation of NF-кB, our studies with TLR4 siRNA-transfected macrophages revealed no sign of inflammation upon MfP treatment ( Figure 5A ). Moreover, stimulation with MfP also resulted in enhanced SEAP activity in HEK293-TLR4 cells that resembles NF-κB activation Figure 2 . Purification, sequencing, and identification of the inflammatory microfilarial protein (MfP). Microfilarial protein from Wuchereria bancrofti microfilarial sheath lysate was isolated through bioassay (inflammatory activity)-guided purification. A, Enzyme-linked immunosorbent assay (ELISA) showing inflammatory activity (ie, secretion of tumor necrosis factor α (TNF-α) from RAW 264.7 cells) after cells were separately treated with the 2 fractions (>50 kDa and <50 kDa) obtained from ultrafiltration of W. bancrofti microfilariae (Mf) lysate molecular weight cut-off membrane (left panel). Sephadex G75 Gel filtration chromatographic separation of active >50-kDa fraction. PII was found active and further subjected to affinity purification (middle panel). Affinity chromatographic separation of active peak obtained from separation using p-amino phenyl phosphorylcholine. PI designates unbound proteins, and PII designates proteins having affinity to p-amino phenyl phosphorylcholine (right panel). B, Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the affinity-purified MfP (left panel). Inflammatory activity of purified MfP was examined through ELISA of proinflammatory cytokines secreted in the incubation media. Values are representative of mean ± SEM, and *P < .05 is considered statistically significant (right panel). C, Complete amino-acid sequence of MfP (in FAST algorithm (FASTA) format) revealed from Matrix-assisted laser desorption/ionization (MALDI)-TOF-based mass spectroscopic analysis. Microfilarial protein was resolved in SDS-PAGE and subjected to in-gel digestion with trypsin, and extracted peptides were used for sequencing study (upper panel). Gene sequence of MfP in FASTA format deduced from its amino-acid sequence. Reverse translation of the amino-acid sequence of MfP was performed using Reverse Translate tool provided by Sequence Manipulation Suite server (http://www.bioinformatics.org/sms2/rev_trans.html). Codon usage table for the filarial nematode Brugia malayi (http://www.kazusa. or.jp/codon/cgi-bin/showcodon.cgi?species) was used for this experiment (lower panel). D, Presence of putative conserved domains in MfP after BLASTp analysis. Specific hits indicated presence of conserved bestrophin domain belonging to bestrophin protein superfamily in the sequence of MfP. Abbreviations: ELISA, enzyme-linked immunosorbent assay; IL-1β, interleukin 1β; IL-6, interleukin 6; MfP, microfilarial protein; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; TNFα, tumor necrosis factor α.
( Figure 5A ). In contrast, TLR4-null HEK293 cells did not respond to MfP ( Figure 5A ). The same was observed with the TLR4 pathway inhibitor CLI095 ( Figure 5B ). These results confirm that MfP-induced inflammation is dependent on TLR4.
It was important to check whether LPS contamination in MfP could have resulted in TLR4-mediated inflammation in macrophages. To clear this confusion, we performed an LAL assay that showed no endotoxin contamination in MfP ( Figure 5B ). We have also treated MfP with polymyxin B, an LPS inhibitor, prior to macrophage stimulation. Again no deviation in the expression of proinflammatory markers induced by MfP was found ( Figure 5B ). These observations suggest that inflammation was solely induced by MfP, but not due to endotoxin ( Figure 4B ). MfP-stimulated NF-кB activation was further evident by immunofluorescence ( Figure 5C; Supplementary Figure 4Band 4C ) and by using SN50, a translocation inhibitor of NF-кB ( Figure  5D ), which reveal that MfP-induced inflammation is mediated through NF-кB. We examined the IkB-inhibitory kappa B (IкB)-IkB kinase (IKK) pathway for additional evidence of the mode of NF-кB activation ( Figure 5D; Supplementary Figure 4D ). We found phosphorylation followed by degradation of IκBα by MfP. IKKβ and NF-κB essential modulator (NEMO) primarily regulate the dissociation of IκBα from NF-κB through phosphorylation-mediated conformational change [36] . In particular, oligomerization of NEMO is considered to be the major factor for IKKβ-mediated phosphorylation of IκBα. In our study, abundance in NEMO protein was evident in the MfP-stimulated macrophage ( Figure 5D ; Supplementary Figure 4D) . Therefore, IκBα degradation and NEMO upregulation suggested that MfPinduced NF-κB activation is primarily executed through the canonical/classical pathway. The pathway of NF-кB activation was subdued upon inactivation of MfP. In contrast, MfP stimulation appears to exert no noteworthy influence over the expression of NF-κB inducing kinase (NIK), a regulator of noncanonical NF-κB activation ( Figure 5D; Supplementary Figure 4D) .
To further confirm the role of MfP in W. bancrofti Mfinduced macrophage inflammation, anti-MfP antibody-treated W. bancrofti microfilariae (10 3 per milliliter) were intraperitoneally administered in mice. Supplementary Figure 5 demonstrates that anti-MfP antibody blockage to surface antigens of W. bancrofti Mf significantly reduces inflammatory response in peritoneal macrophages. This indicates MfP to be a crucial surface protein in W. bancrofti Mf-induced macrophage inflammation.
Microfilarial Protein Induces Polarization of Macrophage From M2 to M1
Phenotype
Our experimental data depicting the mechanism of MfP-induced macrophage activation clearly put forward a question of whether MfP could cause M2 to M1 polarization. Serum and peripheral blood monocytes (PBMCs) isolated from filarial patients showed a proinflammatory response specific for the M1 subtype ( Figure 6A ). Interestingly, a similar kind of proinflammatory response recorded after stimulation of human PBMC-derived M2 macrophages with MfP demonstrates abundance of M1 markers (TNF-α, IL-6, and IL-1β) and depletion of M2 makers (TGF-β, IL-10, and Arg-1) ( Figure 6B ). Our studies in the mice model were also in line with earlier observations ( Figure 6C ). Taken together, these findings indicate that MfP induces an M2-to-M1 transition. This postulation was further clarified by flow cytometric analysis of expression of CD11c, a specific M1 marker [25, 37] . An approximate 9-fold increase in the CD11c + macrophage population in the mice peritoneum after MfP treatment confirms the influence of MfP over the phenotypic transformation of macrophages toward the M1 pole ( Figure 6D ).
Microfilarial Protein Acts as a Ligand of Macrophage TLR4
An obvious question raised was whether MfP interacts with TLR4 to induce inflammation in macrophages. An immunofluorescence study revealed that FITC-labeled MfP binds to macrophage membrane TLR4 to elicit inflammation ( Figure 7A ). However, macrophages with an antibody blockage at TLR4 did not show any sign of binding. This phenomenon was observed in the macrophages of both mouse and human origin ( Figure 7A ). Co-immunoprecipitation of the MfP-TLR4 complex either with anti-MfP or anti-TLR4 antibodies and reciprocal immunoblotting with anti-TLR4 and anti-MfP, respectively, clearly revealed an interaction between these two proteins ( Figure 7A) . Similarly, solid-phase ELISA studies also indicated TLR4-MfP interaction or formation of a TLR4-MfP complex ( Figure 7B ).
The physical interaction between MfP and TLR4 was further deciphered by SPR analysis, which revealed dose-dependent binding of MfP to TLR4 and a high-affinity (K D = 1.2 × 10 -7 M) interaction between these 2 proteins ( Figure 7B) .
Furthermore, in silico docking analysis revealed that MfP could bind with TLR4 at its extracellular domain adjacent to the MD2 binding site ( Figure 7C ). The major interacting forces involved in the MfP-TLR4 interface are mainly hydrophobic interactions and hydrogen bonding, evident from the presence of such types of bond-forming residues at the interacting surface (Supplementary Table 4 ). Therefore, MfP serves as a ligand of TLR4 to induce inflammation in macrophage. Taken together with all of the experimental outcomes, a schematic model has been proposed for depicting the possible pathway of macrophage inflammation most likely to be induced after binding of MfP to TLR4 ( Figure 7D ).
DISCUSSION
In spite of the efforts of the global filariasis elimination program by the World Health Organization, LF is still serving as the world's second leading cause of long-term disability [28] . This could be due to the dearth of our knowledge in understanding the pathway of filarial pathogenesis. Host-filarid interactions is the cause behind all of the immunopathological consequences [2, 3] . Probably because of the inclusion of LF under the "neglected" category, the mechanistic insight of the Results expressed as median. *P < .05 was considered statistically significant compared with control. Abbreviations: Arg-1, arginase 1; Ctrl, control; ELISA, enzyme-linked immunosorbent assay; IL-1β, interleukin 1β; IL-6, interleukin 6; IL-10, interleukin 10; MfP, microfilarial protein; PBMC, peripheral blood mononuclear cell; TGFα, ; TNFα, tumor necrosis factor α. inflammation induced from the parasite-macrophage interface or identity of the inflammatory principle is poorly understood and considered to be debated aspects in filarial immunobiology. This study demonstrates a new dimension to the existing knowledge on filarial immunopathology by reporting a novel microfilarial protein, MfP, which interacts with TLR4 and causes inflammation as well as polarization of macrophages.
Immunoreactive surface proteins of filarid play a crucial role in macrophage-parasite interactions, resulting in inflammation of macrophages [11, 21, 28, 39, 40] . The initial sign of inflammatory activity in sheath lysate indicated that protein(s) is responsible for macrophage inflammation. However, purification of the source factor was quite difficult because of the lack of background information. Previously, filarial immunomodulatory proteins have been demonstrated for close affinity toward phosphorylcholine [29, 30] , and therefore we have selected this phospholipid for affinity purification of MfP. MfP was found to be a homolog of bestrophin (Best-9), which functions as a surface anion transporter channel protein of Caenorhabditis elegans, a free-living nematode. Our study also revealed that MfP is located on the W. bancrofti surface. However, MfP is proinflammatory in function, which is the novel and unreported functional attribute of this protein.
A cross-reaction between MfP and serum of microfilaraemic subject clearly indicates its importance in host-filarid interaction. Apart from being an inflammation inducer, MfP also causes macrophage migration.
During study of the mechanism of MfP-induced inflammation, it was found that MfP upregulated proinflammatory and downregulated anti-inflammatory cytokines in macrophages. Transcription of proinflammatory cytokines is primarily governed by NF-кB [32, 35] ; in this investigation, MfP clearly disrupted the homeostatic inflammatory state of macrophages through classical activation of NF-кB. Diminished proinflammatory response by W. bancrofti Mf after blockage of surface MfP signifies its relevance in Mf-induced inflammation. NF-κB activation by filarial sheath proteins has been previously demonstrated to be a crucial factor behind proinflammatory activity of host macrophages [26, 27, 42] . However, the inflammatory parasitic protein has not been reported.
Therefore, the intriguing part of our finding is the observation of MfP as a novel ligand of TLR4 that binds with TLR4 to drive NF-κB activation for induction of macrophage inflammation. TLR4 is the transmembrane pattern recognition receptor on the macrophage surface that signals NF-κB activation after recognizing distinct pathogenic molecules and recruiting a number of downstream signaling molecules (MyD88, pTAK1, etc) [43] . Microfilaria protein fails to induce any sign of inflammation in TLR4-null macrophages, which indicates that MfP exclusively functions through TLR4. Therefore, MfP could be a novel and meaningful candidate for targeted therapy for LF. In the future, MfP could be a useful choice for prestimulation of host macrophages for reestablishing Th1-biased immunity to challenge an existing or upcoming infection. Similarly, designing an inhibitor of MfP may reduce inflammatory damages in patients with chronic filarial infection. Our findings, therefore, may provide hope for patients.
